A detailed morphometric analysis of the cerebellum in autism with and without macrocephaly. Four subject groups (N 5 65; male; IQs Ն 65; age 7 to 26 years) were studied with quantitative MRI; normocephalic and macrocephalic individuals with autism without mental retardation were compared to normocephalic and benign macrocephalic typically developing individuals. Total cerebellum volumes and surface areas of four lobular midsagittal groups were measured. Independent t-tests between autism and control subjects matched for head size revealed no significant differences. Multivariate analyses of variance were also performed, using the diagnostic group as the fixed factor, cerebellar measures as the dependent variables and total intracranial volume, total brain volume, age, verbal IQ, and performance IQ as covariates. No significant differences were found; however, a trend was noted in which macrocephalic individuals with autism consistently exhibited slightly smaller cerebellar volume or surface area when compared to individuals with benign macrocephaly. In autism, with and without macrocephaly, cerebellar structures were found to be proportional to head size and did not differ from typically developing subjects. (JINS, 2008, 14, 401-413.) 
INTRODUCTION
Historically, the cerebellum was believed to function primarily in background motor control and the coordination of movement (Thach, 1996; Thach et al., 1992) . The cerebellum participates in a wide array of cognitive, language, motor, and emotional functions (Cabeza & Nyberg, 2000; Highstein & Thach, 2002; Schmahmann & Caplan, 2006) . Autism is a complex neurodevelopmental disorder with core features of language impairment, deficits in social behavior, and the presence of stereotypic, repetitive behaviors, and interests (American Psychiatric Association, 1994) . All of these neurobehavioral features may be influenced by the cerebellum (Allen & Courchesne, 2003; Courchesne, 1999; Highstein & Thach, 2002) . As a result, the cerebellum and potential errors in its development have become central in various types of autism research, however, how neuropathological processes underlying autism affect cerebellar morphology is not yet understood, despite the numerous studies that have focused on this part of the brain (Abell et al., 1999; Allen et al., 2004; Baron-Cohen, 2004; Bauman & Kemper, 2005; Belmonte et al., 2004; Brambilla et al., 2003; Ciesielski & Knight, 1994; Courchesne et al., 1987; Ekman et al., 1991; Gaffney et al., 1987; Garber & Ritvo, 1992; Hardan et al., 2001a; Hashimoto et al., 1993; Holttum et al., 1992; Levitt et al., 1999; Manes et al., 1999; Palmen et al., 2004; Piven, 1997; Piven et al., 1992; Rumsey et al., 1988; Saitoh et al., 1995; Spanos et al., 2007) . Past studies have found "hypoplasia," "hyperplasia," and no volumetric or area differences in the cerebellum in autism. The reasons for the inconsistent findings are not clear but probably reflect the disorder's heterogeneity, maturational differences, the complexities of morphometric-neurobehavioral relationships, and differences in neuroimaging and measurement techniques.
Heterogenic aspects of autism that may affect cerebellum morphology include wide variations in head and brain size and IQ. An increased rate of macrocephaly (defined as .1.88 SD above the mean for age) is one of the most replicated findings in autism (Lainhart et al., 2005) . Even when known medical causes of autism are excluded and idiopathic autism is the focus of study, rates of macrocephaly are increased to 20% on average (Davidovitch et al., 1996; Fidler et al., 2000; Fombonne et al., 1999; Gillberg & de Souza, 2002; Lainhart et al., 1997; Miles et al., 2000; Stevenson et al., 1997; Woodhouse et al., 1996) . In typically developing children and adults, cerebellar size is proportionally scaled to total brain volume (TBV) (Berquin et al., 1998; Caviness et al., 1996; Giedd et al., 1996) . Even individuals who were born prematurely and have overall smaller brain volumes have proportionately scaled cerebella (Peterson et al., 2000) . IQ in individuals with autism ranges from superior general intelligence to profound mental retardation (Bertrand et al., 2001; Chakrabarti & Fombonne, 2001 ). In typical development, cerebellar size is related to IQ, showing a small but significant positive correlation (Andreasen et al., 1993; Paradiso et al., 1997; Peterson et al., 2000) . These relationships in typically developing individuals indicate the importance of considering IQ as well as increased prevalence of larger head and brain size in imaging studies of the cerebellum in autism.
Age is another important factor in morphometric study of the cerebellum in autism. Converging evidence suggests that autism is characterized by normal head size and brain volume at birth but abnormal rates of growth during infancy and early childhood Courchesne et al., 2001; Lainhart et al., 1997; Sparks et al., 2002; Stevenson et al., 1997) . During later childhood and adolescence, the increase in head size persists but brain volume "normalizes." In adults with autism, mean total brain volume does not differ from controls (Hardan et al., 2001b; Herbert et al., 2003; Lainhart et al., 2005) . Macrocephaly may be a persistent residual marker of abnormal brain growth during early childhood in autism. Scaling of the cerebellum to total brain volume may vary with age. During early and later childhood, cerebellar volume appears to be proportionately scaled to total brain volume (Herbert et al., 2003; Sparks et al., 2002) . During adolescence and young adulthood, preliminary findings suggest that cerebellar volume is larger than expected for brain volume (Hardan et al., 2001a) . There may also be an age-related effect on white matter volumes in the brain, including the cerebellum (Herbert et al., 2003) .
The purpose of this study was to examine regional and total cerebellar morphometry in subjects with autism while controlling for the important variables mentioned earlier. Given the known relationships between age, total and regional brain volumes, as well as the importance of controlling for IQ and the increased prevalence of macrocephaly in autism (see Lainhart et al., 2005) , we examined regional and total cerebellar size in macrocephalic and normocephalic subjects with autism compared to typically developing individuals who were normocephalic or who had "benign" macrocephaly. Whether normocephalic or macrocephalic, subjects with autism and control subjects were matched on age, IQ, and grade level. Given the diversity of results in previous studies on the cerebellum in autism, we conservatively hypothesized that no clinically distinctive differences in cerebellar size, including cerebellar lobules, would be found when controlling for head and brain size, age, and IQ.
Based on occipital frontal head circumference (OFC), subjects with autism and macrocephaly were compared to typical developing individuals with "benign" macrocephaly and in a separate analysis, normocephalic subjects with autism were compared to normocephalic typical developing controls. The rationale for keeping these comparisons separate was that by using OFC measures to define the groups, no further statistical control was needed for head size, since cerebellar size was the dependent variable and further statistical control of head size may have adventitiously mitigated the effect of interest. In these analyses, all groups were compared using multivariate methods where head size was statistically controlled. The rationale for these analyses was to simultaneously compare all autism (i.e., macrocephalic and normocephalic) and control (i.e., macrocephalic and normocephalic) groups on cerebellar size, while controlling for known group differences in head size, IQ, and age.
METHOD

Subjects and Assessment
Ascertainment
Autism and comparison subjects, age 7 to 26 years, were actively recruited through the University of Utah's Child Psychiatry Section of the Department of Psychiatry over a four-year period (1997) (1998) (1999) (2000) (2001) ) from community sources, including parent support groups, youth groups, and schools, and from clinic social skills groups . All autism and comparison subjects were participants in a crosssectional study of brain morphometry, conducted by the University of Utah Collaborative Program of Excellence in Autism (CPEA). After complete description of the study to the subjects and their parents, written informed consent was obtained. Any human data included in this manuscript were obtained in strict compliance with the approved IRB regulations of our institutions.
versus low IQ and occurring in males versus females may differ in etiology (Szatmari, 1999) and0or neuroanatomy (Piven et al., 1996) . In this study, all subjects were males and they were divided into two IQ groups depending on whether their performance IQs were Ն or , than 65. This study focuses on cognitively higher-functioning males with idiopathic autism and typically developing control males who were either macrocephalic or normocephalic.
Idiopathic autism
Autism was rigorously diagnosed. The subject's mother was interviewed using the Autism Diagnostic Interview-Revised (ADI-R), a semi-structured, investigator-based interview with good reliability and validity (Lord et al., 1994) . All subjects with autism were directly assessed by one of the investigators (JEL and SJO), who had established researchlevel reliability, using the Autism Diagnostic Observation Schedule-Generic (ADOS-G). The ADOS-G is a semistructured play and interview session designed to elicit social, communication, and stereotyped repetitive behaviors characteristic of autism (Lord et al., 2000) . All autistic subjects met ADI-R, ADOS-G, and DSM-IV (American Psychiatric Association, 1994) criteria for autism. History, physical exam, Fragile-X gene testing, and karyotype, performed on all subjects, excluded medical causes of autism.
Typical development
Typically developing subjects, both normocephalic and benign macrocephalic, were recruited from the same ascertainment sources as the individuals with autism. They had no developmental, neurological, or severe psychiatric problems or disorders based on history, IQ, reading and language tests, physical examination, and structured psychiatric assessment. Pervasive developmental disorders were excluded in all comparison subjects by history, direct observation, and interview of the mother using the Family History Interview (FHI) for Disorders of Social Development and Cognition (Bolton et al., 1994; Folstein et al., 1999) . The FHI was specifically designed to inquire about signs of autism-spectrum disorders and milder isolated autism-like features using the family history method.
IQ
Verbal skills are often diminished in autism (Rapin, 1999) . In addition, there can be wide splits between verbal and performance IQ in autism, making full scale IQ difficult to interpret (Deutsch & Joseph, 2003) . Adaptive functioning can be low even in individuals with autism who have high IQ's. For these reasons, we classified subjects as on the basis of non-verbal abilities as measured by the performance intellectual quotient (PIQ) on either the Wechsler Intelligence Scale for Children-III (WISC-III) (Wechsler, 1991) or the Wechsler Adult Intelligence Scale-III (WAIS-III) (Wechsler, 1997) . All subjects had PIQs Ն 65.
Head circumference
Head circumference was measured in all subjects using the standardized methods and reference data described by Farkas et al. (1994) . Normocephaly was defined as a head circumference .3rd but Յ 97th percentile for age and sex. Macrocephaly was defined as a head circumference . 97th percentile for age and sex (Roche et al., 1987) .
Neuroimaging
Magnetic resonance (MR) images were acquired on a Marconi 1.5 Tesla Scanner as previously described in detail (Bigler et al., 2003) . Axial 3D T1 (TE 5 4.47 ms, TR 513 ms, flip angle 5 20, slice thickness 5 1.2 mm, FOV 5 25.6 cm) and 3D T2 FSE Coronal (TE5114 ms, TR53500 ms, slice thickness 51.5 mm, FOV 5 25.6 cm) weighted images were used for quantitative image analysis. In some cases, sedation was necessary and followed a strict clinical protocol approved by the IRB of the University of Utah and performed by an onsite faculty anesthesiologist (JL).
Quantitative image analyses
Detailed quantitative analyses of total cerebellum and gray and white matter volumes were performed by two independent raters. Cerebellar morphometrics were based on left, right, and total cerebellar volume measurements using the well-established methods of Hardan et al. (2001a) and surface area measurements included cerebellar lobules I-V, VI-VII, VIII, and IX-X following guidelines for their quantification as published in several studies (Courchesne, 1991 (Courchesne, , 1997 (Courchesne, , 1999 Courchesne et al., 1989; Courchesne et al., 1994; Courchesne et al., 1988; Murakami et al., 1989; Saitoh et al., 1995) . Briefly, the co-registered T 1 and T 2 weighted images were segmented into white, gray, and CSF pixels using the ANALYZE (Robb, 1995 (Robb, , 2001 ) multispectral tool. Total brain volume consisted of the combination of white and gray matter summed. Total CSF was the sum of subarachnoid and ventricular CSF. By using the inner table of the skull as a landmark, total intracranial volume (TICV) was determined by the total sum of whole brain parenchyma and CSF. Cerebellum volumes (cm 3 ) were measured, using the aforementioned segmentation on the resliced sagittal view of the segmented volume, obtaining total gray, total white, and total combined gray and white matter volumes (see Fig. 1 ).
The most midsagittal slice was determined by using the clear separation of the lingual from the medullary velum as one of the intravermian landmarks. Once this landmark was ascertained, the most lateral aspects of the cerebellum were identified by using ANALYZE (Robb, 1995 (Robb, , 2001 ) Ortho Sections-Volume Render Tool on the T1 coronal view. Using the midsagittal slice as a starting point, every sixth slice was then measured bilaterally including all aspects of the cerebellum irrespective of gray and white matter. Once the most lateral slice was obtained on each hemisphere, no further slices were measured and the volume was calculated.
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Area measurements
Regions of interest were measured by outlining the vermis of the cerebellum on the most midsagittal slice (see Fig. 1 ). Manual tracing of the vermis was subdivided into four regions measured on the midsagittal slice: Lobules I-V (lingula, centralis, and culmen) were bounded by the superior medullary velum and the primary cerebellar fissure. Lobules VI-VII (declive, folium, and tuber), were bounded by the primary and the prepyramidal fissures. Lobule VIII (pyramis) was demarcated by the prepyramidal fissure and the secondary fissure. Lobules IX-X (uvula and nodulus) were divided by the secondary fissure and the inferior medullary velum. The junction of all vermian regions formed the apex of the fourth ventricle.
Intra-rater and inter-rater reliability
The accurate segmentation and tracing of the cerebellum is difficult to measure. Reliabilities were assessed using intraclass correlation coefficients. Mean intra-rater reliability across all structures was 0.97 (range of 0.94-0.99). High inter-rater reliability (0.99) was shown in total white matter volume, total gray matter volume, and total combined gray and white matter volumes measures. In addition, we demonstrated high agreement for total volumes with previous studies (Allen & Courchesne, 2003; Hardan et al., 2001a; Makris et al., 2003) .
Statistical Methods
Independent sample t-tests were used to compare the autism versus control separately for the normocephaly and macrocephaly comparison groups. For simultaneous comparison across all groups, we used a multivariate analysis of variance (MANOVA) to compare cerebellar measures between groups. In the multivariate analyses, the diagnostic group was the fixed factor, cerebellar measures the dependent variables, and total brain volume (TBV), performance IQ, and age were used as covariates. A separate but similar multivariate analysis was also run with identical dependent variables using TICV as the covariate instead of total brain volume.
The distribution of mean cerebellar values was also examined as to whether autism or controls more consistently had larger values. For the cross-sectional cerebellar volume by age, unadjusted cerebellar volume was plotted by age at the time of scanning, with no correction for age (Allen et al., 2005) .
RESULTS
Normocephalic versus Macrocephalic Controls and Subjects with Autism
The relationships between total brain volume, IQ, and cerebellar volume were examined and cerebellar volumes and areas in the four groups were compared with performance IQs of 65 or higher: 28 normocephalic and 13 macrocephalic subjects with autism were compared to 16 normocephalic and 8 benign macrocephalic typically developing subjects.
Sample characteristics
The age, IQ, and brain morphometric characteristics of the four groups are presented in Table 1 . There were no significant differences in age, IQ, TBV, and TICV between the autism and typically developing normocephalic groups. Likewise, autism and control subjects meeting criteria for macrocephaly did not differ on any of these variables. When analyses were conducted excluding outliers (autism and control groups), no statistical differences were found, thus, outliers were included in all analyses.
The relationship between total cerebellar volume, total brain volume, and performance IQ in autism
We examined the relationship between total cerebellar volume and TBV to better understand how the cerebellum is Beginning with the most lateral slice (left most view) and ending with the midsagittal, volumetric measures (outline) were manually traced on every sixth slice (shown every 12th) from a segmented image of gray and white matter taken from co-registered T 1 and T 2 weighted images using the ANALYZE multispectral tool. All classification areas were included irrespective of white and gray matter. All noncerebellar matter was excluded (i.e., occipital forceps and white matter stem). Surface areas of lobules I-V, VI-VII, VIII, and IX-X were taken in the midsagittal slice (right most view) in black. Demarcation for each lobule is described in the methods section of this paper.
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H.B. Cleavinger et al. scaled to brain volume in autism. As shown in Figure 2 , total cerebellar volume was positively and significantly related to total brain volume for autism and control groups. Generally, those subjects meeting criteria for macrocephaly had the largest cerebellum volume. The correlations were similar between the two groups. The findings on all analyses remained the same when TICV was used instead of TBV and when outliers were excluded. Figure 3 shows the relationship between total cerebellar volume and performance IQ. When analyzed separately, all four groups exhibited generally positive correlations between PIQ and cerebellar volume. Combining the normocephalic and macrocephalic subjects with autism, the overall correlation between PIQ and cerebellar volume was significant (r 5 .40, p 5 .01). In the combined sample of normocephalic and macrocephalic typically developing subjects the correlation was positive but only approached significance, likely because of the smaller sample size (r 5 .34, p 5 .11). The correlations between PIQ and total cerebellar volume in the autism and typically developing subjects were similar. Table 2 presents the unadjusted values for total cerebellar volume and total gray and white matter cerebellar volumes for the normocephalic and macrocephalic autism and typically developing subjects. Independent sample t-tests found no significant differences between groups. In addition, MANOVA analyses using age, PIQ, and either TBV or TICV as covariates, yielded no statistically significant findings. Table 3 shows the unadjusted midsagittal measurements for the total vermal lobules area, gray matter area, and white matter area for the normocephalic and macrocephalic autism and typically developing samples. Once again, independent sample t-tests and MANOVA analyses yielded no statistically significant results.
Total cerebellar volumes in autism
Midsagittal areas of vermal lobules
An interesting observation was seen in the macrocephalic comparison, as shown in Table 3 . All but one of the unadjusted volume and area comparisons of macrocephalic autism and benign macrocephalic typically developing subjects showed a smaller measurement for the autism group (see Tables 2 and 3 ). This suggests that there may be a subtle diminution in the size of the cerebellum of subjects with autism and macrocephaly where autism is associated with slightly less surface area and0or volume. This finding was not present when the normocephalic autism and normocephalic typically developing subjects were compared.
Total cerebellar white and gray matter volume versus age in autism
Cross-sectional, age-related changes in cerebellar white and gray matter volumes were explored first by plots of volume by subject age at the time of the scan as presented in Figure 4 . In the autism and typically developing subjects, cerebellar white matter volume increased with age, but the correlation was only significant in the typically developing subjects (r 5 .40, p Յ .05). The difference between the two Cerebellum, macrocephaly, and autism 405 slopes approached significance (F 5 3.51, p 5 .07), suggesting a possible difference in the trajectory of white matter development in the cerebellum in autism. Cerebellar gray matter volume decreased with age in both controls and those with autism, but only approached significance in the subjects with autism. Figure 5 shows the cerebellar morphometric distributions for the autism and comparison subgroups for total cerebellar volume and white and gray matter volumes. No significant group differences were found using MANOVA techniques, with diagnostic group as the fixed factor; cerebellar measures as the dependent variables and TBV; performance IQ; and age as covariates, when the outliers were removed and statistical analysis was performed Because another study found increased cerebellar volume relative to total brain volume in adolescents and adults with autism compared to controls (Hardan et al., 2001b) , we repeated the analysis on the autism and comparison subjects, 12 years of age or older, in our samples. The results again revealed no volumetric differences between individuals with autism and controls.
Total cerebellar volume and white and gray matter volumes in all groups
Distributions of total cerebellar volume and vermal lobule areas in autism
Figure 6 combines all subjects with autism and compares them to all control subjects demonstrating no significant overall difference in total cerebellar volume between those with or without autism.
DISCUSSION
There is considerable evidence that the cerebellum is functionally and histologically abnormal in autism (Ahsgren et al., 2005; Bauman & Kemper, 2005; Belmonte & Carper, 2006; Nayate et al., 2005) . The standard quantitative MRI analyses performed in this study, however, demonstrated no overall cerebellar size differences in subjects with autism after controlling for age, head-size variation, and IQ. It is important to note that given the multiple cerebellar measurements, we have taken a conservative approach to the findings; however, given that none of the individual measurements were significantly different, we feel that we are not missing significance by multiple comparisons.
The current study is important because control subjects included typically developing individuals with benign macrocephaly so that the proportion of cases with OFC-defined 
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macrocephaly was similar in the autism and control groups. Plots of cerebellar volumes of the autism and control subjects in this study showed no unique distribution for the autism sample. Thus, at the gross level, no major volumetric or surface area findings distinguished the autism sample from the typically developing controls. Interesting relationships and observations in the autism group with macrocephaly were noted that may have a bearing on uncovering the role of the cerebellum in autism.
Several findings suggested that mechanisms resulting in macrocephaly in autism may have a subtle negative effect on cerebellar size, particularly on white matter of the vermal lobules. Macrocephalic subjects in our autism and typically developing groups had, as expected, the largest total cerebellar volumes. Overall, it seemed that the cerebellum was similarly scaled to total brain volume in the autism and typical control subjects. In the combined normocephalic and macrocephalic autism sample and in the combined typ- Note. SD 5 Standard Deviation; cm 3 5 cubic centimeters *Reflects the group effect autism versus control subjects. Cerebellum, macrocephaly, and autism 407 ical control sample, the relationships between TBV and cerebellar volume were highly significant and robust. Whereas the absolute differences between subjects with autism with and without macrocephaly and their control counterparts were not significant, the macrocephalic subjects with autism consistently had slightly less cerebellar volumes and midsagittal surface areas than macrocephalic controls. There were a total of 15 separate analyses of either cerebellar volume or surface area. In 14 of those comparisons, the autism group with macrocephaly had less volume or surface area, an unlikely occurrence by chance. This pattern persisted even when small differences in total brain volume and PIQ between groups were controlled. Interestingly, the autism group with macrocephaly had the smallest white matter surface area for lobular regions VI-VII, VIII, IX-X of all four autism and typical control normocephalic and macrocephalic groups. High inter-subject variability and small sample sizes may have resulted in power too low to detect significant differences in these comparisons. The findings are consistent with a recent study using a voxel-based method of analysis that found significantly reduced white matter in the cerebellum in autism (McAlonan et al., 2005) , and interesting, when considering the finding of an inverse correlation between frontal lobe and cerebellum sizes in children with autism (Carper & Courchesne, 2000) . Growth patterns of the cerebellum early in childhood in autism, especially in those children with abnormal rates of early brain growth who develop macrocephaly, may explain how the development of the cerebellum and macrocephaly are related. Age-related changes in the cerebellum appeared different in subjects with autism compared to the typically developing group. In typically developing controls, cerebellar white matter volume increased with age. No increase with age was evident in the subjects with autism. Cerebellar white matter development and maturation during adolescence and young adulthood may thus be aberrant in autism. In contrast, no age-by-group interaction was observed for cerebellar gray matter volume.
Understanding of the in-vivo neuropathology of the cerebellum in autism has been hindered by a lack of consistent findings. A consistent finding in postmortem histopathological studies is the decreased numbers of Purkinje cells in individuals with autism (Bailey et al., 1998; Bauman & Kemper, 1985 , 1990 , 1994 Kemper & Bauman, 1998 Lee et al., 2002; Martin-Ruiz et al., 2004; Ritvo et al., 1986; Williams et al., 1980) . Palmen et al. (2004) noted the high comorbidity of autism and mental retardation (at least 70%) and found a decreased number of Purkinje cells in 21 of 29 neuropathological cases of the cerebellum. A relationship between the Purkinje cell abnormality and neuroimaging findings has not been established (Lee et al., 2002) . Neuroimaging studies of the cerebellum in autism have been inconsistent (Acosta & Pearl, 2004) . Some researchers have found smaller cerebellar measurements, particularly in the vermis (Courchesne, 1991 (Courchesne, , 1997 (Courchesne, , 1999 Courchesne et al., 2001; Courchesne et al., 1989; Courchesne et al., 1994 Courchesne et al., , 1995 Hashimoto et al., 1993; Murakami et al., 1989; Schaefer et al., 1996) . One study found a significant increase in unadjusted cerebellar volume in autism, but the difference did not remain significant once total brain volume was controlled for (Herbert et al., 2003) .
Other researchers have found no significant differences between autism and comparison groups (Elia et al., 2000; Garber & Ritvo, 1992; Holttum et al., 1992; Kleiman et al., 1992; Piven et al., 1992; Piven et al., 1997; Sparks et al., 2002) . Our study shows that factors other than diagnosis may be related to cerebellar volume and area in autism. The variable findings of past studies may have been related to significant inter-study variability in age, IQ, brain volume, and rate of macrocephaly in the autism samples. Recent studies by Courchesne et al. (2001) and Sparks et al. (2002) show that clinically significant volumetric differences in individuals with autism may occur in children younger than the subjects examined in our study and most other studies.
In our study, traditional quantitative volumetric and area methods did not show marked autism-control differences in the cerebellum. New morphometric and functional neuroimaging methods may find some differences. Functional neuroimaging studies have implicated the cerebellum in higher-order cognitive functions, of primary interest in autism, because some of the behavioral aspects of emotional regulation, language, and executive functioning are mediated by the cerebellum (Critchley et al., 2000; Desmond & Fiez, 1998; Dolan, 1998; Leiner et al., 1995; Parsons et al., 1997; Schmahmann & Sherman, 1998) . f MRI differences of cerebellar activation in autism have been explored (Allen & Courchesne, 2003) . The subtle findings in vermal lobule white matter in the macrocephalic autism group in our study indicate the need for more detailed methods of examining white matter integrity in the cerebellum (see also Barnea-Goraly et al., 2004; Waiter et al., 2004 Waiter et al., , 2005 .
There are several potential limitations of the current study. As with most autism studies, modest sample sizes probably limited the statistical power especially in the separate analysis of normocephalic and macrocephalic case and control subgroups. We believe, however, that our attempt at separate analysis based on OFC is an important first step in understanding how the increased rate of macrocephaly in autism affects regional brain morphometry. The results of our study are supported by visual inspection of the scatter plots in Figure 5 that show no substantial differences in total cerebellar volume and white and gray matter volumes Cerebellum, macrocephaly, and autism 409 between controls and subjects with autism. Though dividing the autism and control subjects into normocephalic and macrocephalic groups may have decreased the power of our study, the findings in the macrocephaly autism group are intriguing. They suggest that subjects with autism and macrocephaly may be a particularly informative group to include in studies. Larger samples of autism individuals with macrocephaly may shed light on subtle but important differences in the cerebellum of individuals with autism. Our examination of changes in cerebellar white and gray matter volume with age in autism is limited by the crosssectional nature of the data. Cross-sectional age-related findings result in hypotheses that need to be tested using a longitudinal design.
CONCLUSIONS
By matching autism and control samples on key cognitive and physical measurements along with age and statistically controlling for these potentially confounding variables, no major differences in cerebellar morphometry was found between subjects with autism and control subjects 7 to 26 years of age. In autism, with and without macrocephaly, cerebellar structures were generally proportional to head size and did not statistically differ from typically developing subjects with and without benign macrocephaly. Subjects with autism and macrocephaly consistently had the smallest cerebellar measurements. In non-mentally retarded subjects with autism and controls, cerebellar size was positively correlated with PIQ and generally proportional to overall brain volume.
